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In QCD Factorization(QCDF), the suppression of the color-suppressed tree amplitude relative to 
the color-allowed one in B — > Kir decay implies a direct CP asymmetry in B~ — > K~ir° to be of the 
same sign and comparable in magnitude to that in B° — > K + ir~ , in contradiction with experiment. 
This is the Acp B — > Kir puzzle. One of the current proposal to solve this puzzle is the existence 
of a large color-suppressed amplitude with large strong phase which implies also a large negative 
B° — > K°ir° CP asymmetry. In this paper, by an essentially model-independent calculation, we 
show clearly that the large negative direct CP asymmetry in B° —* K°ir° implies a large C/T, 
the ratio of the color-suppressed to the color-allowed tree amplitude and a large negative strong 
phase for C. By adding to the QCDF amplitude an additional color-suppressed term to generate 
a large C/T and a large strong phase for C and an additional penguin- like contribution, we obtain 
branching ratios for all B — > Kir modes and CP asymmetry for B° — > K + ir~ and B~ — > K -tt° in 
agreement with experiment, and a large and negative CP asymmetry in B° — > K°ir° which could 
be checked with more precise measurements. 

PACS numbers: 13.25.Hw, 12.38.Bx 



I. INTRODUCTION 

In the penguin-dominated B — ► Kir decays, the color- 
suppressed tree contribution(C) is suppressed relative 
to the color-allowed tree contribution(T) because of the 
small Wilson coefficient relative to a\ . One would then 
expect the direct CP asymmetries in B~ — > K~ir° and 
B° — > K~ir + to be essentially given by the color-allowed 
tree and strong penguin interference terms(TP). The 
CP asymmetry(*4cp) m B~ — > K~ir° would be of the 
same sign and comparable in magnitude to that in B° — > 
K~ir + . The current measurements [lj, though with large 
errors, seem to indicate a positive CP asymmetry for 
B~ — ► K~tt°, in opposite sign to the negative B° — > 
K ~7r + CP asymmetry measured with greater accuracy. 
This is the A C p puzzleg, S, i, i, i, 0, & ©, El El El • 

To reverse the sign of the predicted B~ — > if ~tt° CP 
asymmetry, one would need a large color-suppressed tree 
terms, i.e a large C/T ratio, and also a large strong 
phase for C, as will be shown in the following. Since 
the color-suppressed tree-penguin interference term in 
B~ — ► K~ir° is opposite in sign to that in B° — * K°ir°, 
the -B — * A' ^ CP asymmetry would become large and 
negative. If the positive asymmetry for B~ — > if ~7r° 
and a large negative -B — > AT 7r° CP asymmetry are 
confirmed by new measurements, this would be a clear 
evidence for the enhanced color-suppressed tree contri- 
bution to CP asymmetries in B — > i^7r decays. Apart 
from the possibility of new physics @, H, EH to solve the 
Acp B — * Kn puzzle, recent calculations in the standard 
model(SM), as done in perturbative QCD (pQCD)@,[H, 
in QCD Factorization(QCDF) with large hard scattering 
corrections [14j seem to obtain a large color-suppressed 
enhancement in B — > tttt and B — > Kix decays. The 
calculation in 8] also shows that the color-suppressed 



tree contribution has to be large to solve the B — > Kir 
Aqp puzzle within the standard model. Various phe- 
nomenological analyses [l5| using SU(3) symmetry ob- 
tain also a large C/T ratio. Final state interaction 
(FSI) rescattering term with a large absorptive part, 
like the charmed meson rescattering charming penguin 
contribution [H El El, E! HI HI IS , could also pro- 
duce a large C/T with a strong phased HUM IH, 
for example, through the CKM-suppressed, color-allowed 
tree rescattering B — * K*p — * Kir process, which pro- 
duces a tree-penguin interference term responsible for 
CP asymmetry, similar to the process B — * pp — > irir in 
B — ► 7T7T decays. Before going further in analyzing these 
possibilities, one would like to have a model-independent 
calculation to show that, apart from the possibility of 
new physics, the solution to the Acp puzzle is an en- 
hanced color-suppressed contribution to CP asymmetry 
in B — > Kir decays. In the next section we will show in an 
essentially model-independent calculation that the large 
negative B° — > K°ir° CP asymmetry requires a large ra- 
tio C/T with C mainly absorptive. We then show that 
with this additional contribution to the color-suppressed 
tree term and a penguin-like additional term as given in 
[25l | , QCDF could predict all the branching ratios and 
CP asymmetries for B — > Kir decays consistent with ex- 
periment. 



II. MODEL-INDEPENDENT DETERMINATION 
OF STRONG PHASES IN B — > Kir 

As our analysis is based on QCD Factorization, for con- 
venience, we reproduce here the QCDF B — > Kir decay 
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amplitudes given in [25|. We have[2J, |27|, |2J, |29( : 

A(B- -> X-tt ) = -i%/*F B *(n&)(m! - O 



(KbK>i + (KfeK* s + KfcK*J[a4 + «io + (a 6 + a 8 )r x }) 
-i^UF BK (ml)(ml-ml) 

x (v uh V: s a 2 + (V ub V: s + V cb V c * s ) x ^(a 9 - a 7 ) 

.Gf r r r 
- l — jBjKjTr 

x [K b K*^2 + (v ub v; s + v cb v*) x (6 3 + &r)] (i) 

A(ZT - X°7T-) = -^/^(n&Xml - ml) 



1 1 X 



+(v ub v: s + v cb v; s ) 

.Gf , f , 

x [v ub v; s b 2 + (v ub v; s + v cb v*) x (& 3 + &r)] 

and for P° : 

A(P° - K-n+) = -i^f K F s -(m 2 K )(m% - ml) 
V ub V* s ai +(V ub V* s +V cb V* s )[a 4 +ai +(a 6 + a 8 )r x 



(2) 



(VubV* s + v cb v; s ) x (63 
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A(P° - K\°) = l ^-f K F^{ m ] i ){m% - mi) 



x(v ub v: s + v cb v; s ) 



1 1 N 

04 - 2°io + ( a 6 - 2 a s) r x 



K&K>2 + (KbK* s + VcbV* s ) x -(a 9 - 07) 



+i-£-fBficU 



(v ub v: s + v cb v; s ) x (63 
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(4) 



color-suppressed tree(C) a 2 , a color-allowed electroweak 
penguin(EW) 09 — 07, a color-suppressed electroweak 
penguin(EWC) aw + a%r x terms. (There are also the 
penguin contribution given by a" + ag r x term not shown 
in the above expressions, for simplicity). Because of the 
relative large Wilson coefficients, the QCD penguin, the 
color-allowed tree and the color-allowed electroweak con- 
tribution are the major contributions in B — > Kit decays. 
The B — > Kir amplitude in Eqs.([T])-([4]) are then given as 
the sum of the allowed-tree T, the color-suppressed tree 
G, the color-allowed electroweak penguin Pw , the color- 
suppressed electroweak penguin, Pwc, tree-annihilation 
A (the b 2 terms in Eq.([T])-([2])) the penguin-induced weak 
annihilation Pa- One can further simplify the expres- 
sions, by grouping together the penguin and penguin 
weak annihilation as an effective penguin P e g as usually 
done(28|, furthermore, since the CKM-suppressed, color- 
suppressed b 2 terms are much smaller than the color- 
allowed tree term, we could also neglect A, and put the 
tree terms and the CKM-suppressed part of P and Pa 
into an effective T e ff and G G ff . The B — > Kir amplitudes 
in terms of the effective penguin and tree amplitude are 
then (putting P e g = P, T e g = T, G e g = G), we have (in 
the notations of Ref . [14j ) : 



A(B~ -» K-tt°) 



-^={Pe lSp + Te l&T e 11 + Ce i5a e 
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+ PW + ^Pwe), 


A(B- - 


♦ K°TT-) 


= Pe l5p - iPwc 


A(B° - 


K-JT+) 


= Pe lSp +Te l5T e 


A(B° 


-> K°ir°) 





PW" gPWC)- 



(6) 



where r\ 



2ml 



is the chirally-enhanced 



X (m b — m d )(m d +m 3 ) 

terms in the penguin Oq matrix element. The 
annihilation term b^ are evaluated with the factor 
/b/mi/m 2 included and normalized relative to the fac- 
tor j 'rFq 7 '{m 2 B — ml) in the factorisable terms. For the 
B~ — > 7r~7T° amplitude, we have: 

A(B- vr-vr ) = -i^/ T F fl "K )(m| - m*) 



Wd(«i + «2) + (KbKd + KftV^) 



x -(a 9 - a 7 + aio + a 8 r x ) 



(5) 



We see that the B — > if 7r decay amplitudes consist of a 
QCD penguin(P) a4 + agr x , a color-allowed tree(T) ai, a 



with the strong phase 5 p, St, 8c for the penguin, color- 
allowed and color-suppressed tree, respectively and the 
weak phase 7 of the CKM matrix element V ub is written 
explicitly in the color-allowed T and color-suppressed G 
terms. In terms of the relative strong phase dpx, 5ct, 
and to take into account of the fact that the real part of 
the penguin amplitude P is negative in QCDF, we have 
Sp = Spt + 7t + 5t, and 8c = Sct + St- 

Consider now the CP-averaged T av and CP-difference 
r as for B — > Kit decay rates are then, with r av = 
(r(P -» Kir) + f(B -» Kw))/2, T as = (T(B -» Xtt) - 
T(P -»■ Kir)) and T(P -»■ Xtt) and T(B -> ifTr) denotes 
the decay rate for the corresponding charge-conjugate 
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mode. We have 



r av (s- 



0\ 



P 2 



PTcos{6 PT ) cos(7) 



r av (p° 



K°ir°) 



— P C cos(5pT — 5 C t) cos(7) + TC cos(Sct) 
-PPw cos(5 PT + St) cos(7) +T P w cos(<5 T ) cos(7) 

rp2 (J2 pi 

+C P w cos(S C t + S T ) cos( 7 ) + — + — + (7) 

r av (P~ -> K°tt-) = P 2 (8) 
r av (P° -> i^"7r+) = P 2 -2PTcos(S PT ) cos( 7 ) + 

+P 2 (9) 

— + PCcos(S PT - S C t) cos(7) 
+PPvk cos(5pt + 8 T ) cos(7) 
+CP W cos(S CT + S T ) cos( 7 ) + ^ + ^f- (10) 

where P, T, C and P^ are positive and the negative 
real part of the penguin term has been taken into ac- 
count in the phase 5p = n + Spp + St as mentioned 
above. Also, to simplify the analysis, we have neglected 
the color-suppressed electroweak penguin Pwc contribu- 
tion which is smaller than the color-allowed elctroweak 
penguin Pw by an order of magnitude as can be seen 
from the as and aw terms in Eqs. ([!])- ((!]). For the CP- 
difference decay rates, we obtain: 

r as (£T -> K-7T ) = 2PTsm(S PT ) sin( 7 ) 
+2 PC sm(5p T - S C t) sin(j) + 2TP W sm(S T ) sin (7) 
+2 C P w sin(<5 CT + S T ) sin( 7 ) , (11) 
r as (p- ->K°n-) = , (12) 
r as (P n ^if-7r+)=4PTsin(<W)sin( 7 ) , (13) 



r as (P° -» K\°) = -2PCsm(S PT - Sct) sin( 7 ) 

+2CP w sm(S C T + S T ) sin(7)(14) 

and the CP asymmetries are then given by: 



A C p{B -> Kir) = 



r as (p -> PtQ 

2r av (P -» Ktt) 



(15) 



As the P — * PT7r branching ratios have been measured 
with an accuracy at the 10 -6 level, it is possible to use 
the differences in the measured branching ratios and CP 
asymmetry to determine the relative T/P, C/T and the 
strong phase Spt, Sct, as done for B — > ittt decays [241 l30j 
in which the relative strong phase Spp can be extracted 
from the measured mixing-induced and direct CP asym- 
metry parameters S n + n - and C x + T - . For example, by 
neglecting the (P/T) 2 term in S n +^- > one would obtain: 



tan Spt ~ — C 7r +^-/S' vr + 7i 



(16) 



which gives, for B° — ► 7r~7r + ), Spt = —36.5° close 
to the value —41.3° in a more precise determination 
[23 | . Similar determination of the strong phase could 
be done for B — > P7r decays by using the quantity 



p = 2(r av (p° - 

which is given by: 



r av (P- 



X°7 



P 



4PTcos(S PT ) cos( 7 ) 
= r as (P° K-ir+)/D is then: 

Pr-- 



The ratio P^-- 7r + = 

- w + = — tan((5pT) tan(7) 



- T 2 ) 
(17) 

(18) 



from which we obtain 



tan(<5pp) = — 



P 



_ff-7T+ 



tan(7) 



sin (S 



Rk--k+ 



PT) 



Vlt^i^+R^) 



(19) 



From the measured B — > J\T7T branching ratios and 
the QCDF expression for T 2 , we obtain D = —5.35, 
Rk~v+ — 0.71 (in terms of the branching ratios and in 
unit of 10~ 6 ) which give, 



tan(Sp T ) = -0.30, 5 



PT 



-17° 



(20) 



within an error of 20 — 30%, including a small theoreti- 
cal uncertainty in the use of QCDF for T 2 which makes 
only a small contribution to D relative to the main tree- 
penguin interference term. This value is smaller than 
the value —36.5° for Spt in B° — > tt~tt + mentioned 
above, but the small value of the strong phase Spt we 
obtained here from B° — ► K~tt + could be due to the can- 
cellation between the factorisable term, penguin-induced 
weak annihilation and FSI charmed meson intermediate 
states contribution to produce a negative CP asymmetry 
in B° -> K-TT+) decayfU. 

We now come to the Aqp puzzle. As mentioned earlier, 
the solution of the puzzle requires a moderate C /T ratio, 
but with a strong phase Sct sufficiently large to keep the 
real part of the color-suppressed tree contribution close 
to QCDF prediction, like those computed for B — > -kit 
decays [3l[. Then the large absorptive part could find 
an explanation from FSI effects as mentioned earlier. In- 
deed, as shown in the following, such a large strong phase 
for C is required to produce a large CP asymmetry for 
P° -> K°tt° . Defining R R0 ^> = r as (P° -> K°n°)/D, 
we have: 

1 C 1 

Brott" = ~2T ( sin (^ CT ) tan (7) +cos(5ct)Rk-7v+ 
+R w sin{ScT + 5 T )^f{R K - v+ +t&n 2 { 1 ))^ (21) 

where Rw = Pw I P which is given approximately by 
QCDF 28]: 



_3 f n F BK (0) \a 9 ~g 7 \ 
Hw - 2 f K F^(0) \a i + a 6 r x \~°- U 

The CP asymmetry for P° -> K°ir° is then 

B Rr«tt° 



AcpiB" ^K% u ) 



2B{B° -» K q tt°) 



(22) 



(23) 
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with D given in terms of the CP-averaged B — > Ktt 
branching ratios, experimentally, D = —5.35, as men- 
tioned above (in unit of 10 -6 ). 

A nice feature of the above expression for R^o^o is that 
it gives the CP asymmetry for B° — ► K°ir° in terms of the 
strong phase Sct, the measured B° — + K~tt + CP asym- 
metry and the weak phase 7 . For a large strong phase 
Sct, the cos(Sct)Rk-tt+ term is suppressed so that the 
dependence of Rj(o n o on Rx-^+ is weak. There is also 
some dependence on St in the electroweak contribution 
to Rko^o which could produce a small uncertainty on the 
CP asymmetry, about 10 — 15%, roughly the size of the 
electroweak penguin contribution. Thus the CP asym- 
metry for B° — > K°ir° depends essentially on the strong 
phase of the color-suppressed tree contribution Sct- 

Numerically, from the measured B(B° — > K~tt + ), the 
CP asymmetry Acp(B° — > K~tt + ), 7 = 67°, and taking 
St = 30°, we obtain: 

A C p(B° -> ^ 7T°)=0.27^ [1.31 sin(<5 CT )+ 0.44cos(<5ct)] 

(24) 

Thus a large negative value for 5ct could produce 
a large negative ^cp(B° — > A' 7r ) which is needed 
to accommodate the measured positive asymmetry for 
(B- -> if-7r°)[l}. For example, with S C t = -72°] one 
would get A C p(B° -> if°7r°) = -0._30(C*/T) which im- 
plies C/T = 1/2 for A C p(B° -► #°7r°) = -0.15. If 
we neglect the electroweak penguin term, we would 
have: 

A C p(B° -> ^°7r°)=0.27^ [1.17 sm((5 CT )+ 0.35 cos(,5 CT )] 

independent of St- The same value for the CP asym- 
metry would implies Sct — —75°, close to the value 
obtained with electroweak penguin. Thus the determi- 
nation of C/T will not be greatly affected by the elec- 
troweak penguin contribution. In general from QCDF 
one expects a small St , in our calculation we will put 
5 T = 30°. In terms of the measured A C p(B° -> K°tt°), 
from Eq.flHJ), C/T is then: 

,C = Acp(B°^K% ) 

[ T } 0.27 [1.31 sm(ScT) +0.44 cos{S C t)} 

As shown in FigJTJ for the strong phase in the range 
-(50° - 70°) , C/T is of the order 0.3 - 0.4 for an asym- 
metry of —0.10, with a larger asymmetry of —0.15 , C/T 
become larger, of the order 0.5 — 0.6. Thus in an es- 
sentially model-independent calculation, we have shown 
that a large and negative B° — > K°ir° CP asymmetry, 
which is required to produce a sizable positive CP asym- 
metries in B~ — > K~ir°, implies a large color-suppressed 
tree C term and its strong phase in B — > Ktt decay, with 
a ratio C/T of the order 0.4 — 0.6 and the strong phase 
Sct in the range —(50 — 70)°. Indeed, a recent analy- 
sis in QCDF shows that the Aqp B — * Ktt puzzle could 
be solved with a color-suppressed tree 02 term large and 
having a large negative strong phase [l4]. In the next 



section, we will show that, by adding to the QCDF am- 
plitude, an additional color-suppressed tree contribution 
with this size to reverse the sign of the B~ — > K~tt° 
asymmetry, together with the additional penguin terms 
(charming penguin etc.)[25j, indeed good agreement with 
experiment is obtained for all the B — > Ktt branching ra- 
tios and CP asymmetries. 



III. B — > Kit DECAYS IN QCDF WITH 
ADDITIONAL PENGUIN AND 
COLOR-SUPPRESSED CONTRIBUTIONS 

In a previous paper [2^, we have shown that the B — > 
Ktt branching ratios and the B° — > K + tt~ CP asymme- 
try could be described by QCDF with a mainly absorp- 
tive additional penguin terms (charming penguin etc.), 
with a strength 30% of the penguin term. However the 
predicted CP asymmetry for B~ — > K~tt° is of the same 
sign and magnitude to that for B° — > K~n + , in disagree- 
ment with the measured value. Therefore, to reverse the 
sign of the predicted asymmetry, we need a large negative 
B° — > K°ir° asymmetry and hence a color-suppressed 
tree term with large magnitude and large negative strong 
phase. By adding this term to the QCDF B — > Ktt am- 
plitudes given in our previous work[25j one would obtain 
correct predictions for B — > Ktt branching ratios and CP 
asymmetries as will be shown below. 

With the same hadronic, CKM parameters and the ad- 
ditional penguin term SP given in (25j . and writing the 
color-suppressed additional term as SC — ra,2{ki -Mfe) 
where ra2 is the real part of 02, and taking k± = 0, 
k'2 = —1.7, the computed branching ratios and direct 
CP asymmetries, with pu — 1,4>h = and <pA = —55° 
as in scenario S4 of [28| are shown in Fig [5] and Fig [3] 
as function of pa- For convenience we also give in Ta- 
ble U and Table [TT] the computed values at pa = 1 as in 
S4 with and without the additional penguin-like SP and 
color-suppressed SC contribution. We see that with these 
additional contributions, all the branching ratios and CP 
asymmetries are in good agreement with the measured 
values. In particular, the B° — > K°ir° branching ra- 
tio is slightly larger than the previous predicted value 
of 8.9 x 10 -6 due to the additional SC contribution and 
is closer to experiment, while other predicted branching 
ratios remain practically unchanged. 



In our previous workps]]. we give predictions for the 
B° -> K°tt°, B~ -> K~tt° and B° -► K-tt+ branch- 
ing ratios in terms of the computed differences 2B(B° — > 
K°tt°) - r b B(B" -> K°tt-), 2r b B{B- -> K~f) - 
B(B° -> K-7T+), B(B° -> K-TT+) - r b B(B- -> Ky~) 
and the measured B° — > K~tt + and B~ — > K ir~ 
branching ratios. The good agreement with experiment 
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FIG. 1: The ratio C/T plotted against Sct, the strong phase of the color-suppressed tree contribution C . (al,a2) are 
the curves for Acv{B° — > K°-k°) = —0.10 with St taken to be 0.0 and 30°, respectively, (bl,b2) are similar curves for 
Acp(B° -> K°n°) = -0.15. 




FIG. 2: The computed and measured CP-averaged branching ratios. The horizontal line are the measured values [lj with the 
gray areas represent the experimental errors, (a), (b), (c), (d) in the left and right figure represent the values for B~ — > K~tv°, 
B~ -» K°tv-, B° -» K--JT+ and B° -» K°tv° respectively. The curves (al)-(dl) and (a2)-(d2) are the corresponding QCDF 
predicted values for 4>a = —55°, without and with additional penguin-like SP and color-suppressed SC contribution respectively. 





Decay 


SP = 


SP^O 


Exp [1] 




Modes 


«5C = 


SC^O 




B~ 


-» 7r-7r u 


5.7 


5.7 


5.59 ±0.4 


B~ 




10.3 


12.6 


12.9 ±0.6 


B~ 




18.1 


22.9 


23.1 ± 1.0 


B° 


-> R-TY + 


15.5 


19.9 


19.4 ±0.6 


B° 




6.8 


9.2 


9.8 ±0.6 



TABLE I: The CP-averaged B — > 7\7r Branching ratios in 
unit of 10 -6 in QCDF with and without additional penguin- 
like SP and color-suppressed SC contribution and with pA = 
1.0, 4>a = -55° 



Decay 
Modes 


<5P = 
<5C = 


SP^O 
SC^O 


Exp [1] 


B~ -» 7T-7T U 
B" -> X-7T° 
B~ -> K°7T 
S° -> A-7T + 


0.0 
0.01 
0.004 
-0.02 
-0.02 


0.0 
0.06 
0.01 
-0.08 
-0.11 


0.06 ± 0.05 
0.05 ± 0.025 
-0.009 ±0.025 

-0.098±r i 2 o 
-0.01 ±0.10 



TABLE II: The direct B — ► Kit CP asymmetries in QCDF 
with and without additional penguin-like contribution SP and 
color-suppressed SC contribution and with pA = 1.0, 4>a = 
-55° 



shows that QCDF could describe rather well the elec- 
troweak penguin contribution. We give here similar pre- 
dictions with the additional color-suppressed term in- 
cluded (in unit of 1CP 6 ): 

B(B° -> K °7T ) = 9.3 ± 0.3, (27) 
B(B~ -> A"tt°) = 12.4 ±0.3. (28) 
B{B° -> K~tt + ) = 20.1 ±0.6, (29) 



We see that because of the large color-suppressed con- 
tribution, the B° — ► AT 7r° predicted branching ratio is 
larger than the previous predicted value (9.0±0.3) x 10~ 6 
and is closer to experiment, the other two predicted 
branching ratios are almost unchanged and are in good 
agreement with experiment within the current accuracy. 



6 




FIG. 3: The same as in Fig[2]but for the computed CP asymmetries. 



IV. CONCLUSION 

By adding mainly absorptive additional penguin-like 
and color-suppressed tree terms to the QCDF B — ► Ktt 
decay amplitudes, we show that QCDF could successfully 
predict the B — > Kix branching ratios and CP asymme- 
tries. In particular, with a large negative strong phase 
for the color-suppressed tree contribution, we obtain the 
correct magnitude and sign for the B° — + K~ir + and 
B~ — ► K~ir° CP asymmetry, and a large negative asym- 
metry for B° — > K°tt°. Confirmation of these CP asym- 



metries by new measurements and the measurement of 
B° — > 7T 7r° CP asymmetry [24| would be an evidence for 
a large C/T ratio and a large strong phase in B — > hit 
and B — > i^7r decays. 
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